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ABSTRACT
Histone modifications and variants have key
roles in the activation and silencing of genes.
Phosphorylation of histone H3at serine 10 and
serine 28 is involved in transcriptional activation of
genes responding to stress or mitogen-stimulated
signaling pathways. The distribution of H3-modified
isoforms in G0 phase chicken erythrocyte chromatin
was investigated. H3 phosphorylated at serine 28
was found highly enriched in the active/competent
gene fractions, as was H3 di- and trimethylated at
lysine 4. The H3 variant H3.3 in this chromatin
fraction was preferentially phosphorylated at serine
28. Conversely, H3 phosphorylated at serine 10 was
present in all chromatin fractions, while H3 dimethy-
lated at lysine 9 was associated with the chromatin-
containing repressed genes. H3 phosphorylated at
serine 28 was located at the promoter region of the
transcriptionally active, but not competent, histone
H5 and b-globin genes. We provide evidence that
H3.3 phosphorylated at serine 28 was present in
labile nucleosomes. We propose that destabilized
nucleosomes containing H3.3 phosphorylated at
serine 28 aid in the dynamic disassembly–assembly
of nucleosomes in active promoters.
INTRODUCTION
Nuclear DNA is packaged into nucleosomes, the basic
repeating structural units in chromatin. The nucleosome
consists of a histone octamer arranged as a central
tetramer of histones H3 and H4 surrounded by two
histone H2A–H2B dimers, around which DNA is
wrapped. Core histones undergo post-translational mod-
iﬁcations at many sites, including acetylation, methyla-
tion, ubiquitination and phosphorylation. Some
modiﬁcations (active marks) are generally associated
with transcriptionally active chromatin regions while
others (repressive marks) correlate with repressed regions.
Histone acetylation typically marks active genes as does
di- or trimethylation of lysine 4 of H3. Di- or trimethyla-
tion of H3 at lysine 9 constitutes a repressive mark (1,2).
However, the role of a given mark or group of marks may
vary with the cellular context and the gene under study.
Added to the complexity are histone variants and the
dynamics of histone modiﬁcations, which can change very
rapidly (3). H2A, H2B and H3 have variants, some
expressed at the time of DNA synthesis (H3.1, H2A.1) and
others expressed throughout the cell cycle (H2A.Z, H3.3)
(4,5). H2A.Z is located at telomeric repeats, centromeric
regions and at promoters of polymerase I and II
transcribed genes (6,7). H3.3 is located in regulatory
regions of genes and closely correspond to DNAase I
hypersensitive sites (8,9). H3.3 is enriched in active marks
(di- and trimethylated K4 and acetylated K9, 14, 18
and 23) (10). Histone variants and modiﬁcations
may stabilize or destabilize nucleosome structure. Hydro-
xyapatite dissociation chromatography provided evidence
that H2A.Z stabilized the association of the H2A–H2B
dimer in the histone octamer, with the H2A.Z stabili-
zation being reduced when the octamer histones were
acetylated (5,11).
H3 phosphorylation at serine 10 is required for
chromatin condensation during mitosis and is also
associated with the transcriptional activation resulting
from stimulation by external stimuli like mitogens and
stress (12–15). Although much less studied, H3 phosphor-
ylation at serine 28 has also been found coupled with
chromatin condensation during mitosis (16) and induced
following stimulation of signal transduction pathways in
mouse ﬁbroblasts and epidermal cells (13,14,17,18). The
three H3 variants, H3.1, H3.2 and H3.3, participated in
TPA-stimulated phosphorylation at serine 10 and serine
28 (17). Stimulation of the Ras-MAPK pathway in human
breast cancer results in the phosphorylation of
H3at serine 10 but not at serine 28 (19). Thus, these
two phosphorylation events at serine 10 and serine 28
are independent and act separately to promote gene
expression (17).
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chromatin from avian erythrocytes, which are arrested in
G0 phase of the cell cycle, has been informative as to
the histone modiﬁcations and nucleosome structural
features of transcriptionally active/competent chromatin.
(Transcriptionally competent chromatin is in an open and
accessible conformation but not transcriptionally active).
The 0.15M NaCl-soluble poly- and oligonucleosome
fractions isolated from chicken immature erythrocytes
contain only 3% of the total nuclear DNA, but  25% of
the total active sequences and  45% of the total
competent sequences. In contrast, only 0.5% of the total
repressed gene sequences are present in these fractions
(20). These poly- and oligonucleosome fractions enriched
in active/competent genes are enriched in highly acetylated
species of H3, H2B and H4, ubiquitinated (u) and
polyubiquitinated species of H2A and more strikingly
uH2B (20). Other characteristics of active/competent
chromatin fractions are the highly dynamic acetylation/
deacetylation of the core histones (21) and the preferential
methylation of acetylated H3 and H4 (22). Moreover,
newly synthesized histones H2A and H2B and to a lesser
extent H3.3 and H4 preferentially exchange with nucleo-
somal histones of transcriptionally active/competent
chromatin domains, suggesting that nucleosomes of
active chromatin may be inherently less stable than bulk
nucleosomes in vivo (23). Supporting this idea, structural
studies using electron spectroscopic imaging have shown
that only 66% of the nucleosomes of the active/competent
chromatin present the circular proﬁle seen in 90% of the
bulk chromatin, while the remaining nucleosomes appear
to be U-shaped or elongated. Some of the nucleosomes
with an altered morphology have a lower protein mass
and may be devoid of an H2A–H2B dimer (24).
In this study, we demonstrate the ﬁdelity of this
fractionation protocol to separate active/competent from
repressed chromatin through the distinct partitioning of
the active H3K4me2/3 and repressive H3K9me2 marks.
Applying this protocol to study the partitioning of
phosphorylated H3, we show that H3S28p, but not
H3S10p, qualiﬁed as an active mark. We found that H3
phosphorylation at serine 28 was associated with active
chromatin and that the histone H3.3 variant was
preferentially phosphorylated at serine 28. Evidence is
presented that H3.3 phosphorylated at serine 28 was
associated with labile nucleosomes.
MATERIALS AND METHODS
Isolation of chicken erythrocytenuclei
Mature and immature erythrocytes were isolated from
adult white Leghorn chickens, and nuclei prepared as
described (20), with the exception that phosphatase
inhibitors were used in the nuclei isolation buﬀers (25).
Nuclei digestionand chromatin fractionation
Nuclei were digested and the chromatin was fractionated
as described previously (20). Brieﬂy, the fractionation
protocol included the following steps. Digested nuclei
were re-suspended into low ionic strength solution
containing 10mM EDTA, and solubilized chromatin
fragments were obtained in fraction SE. Chromatin
fraction SE was made 150mM in NaCl, and salt-soluble
(S150) and salt-insoluble (P150) chromatin fractions were
collected. Chromatin fragments in fraction S150 were size-
resolved on a Bio-Gel A-1.5m column, obtaining ﬁve
fractions (F1–F5) (Figure 1).
Hydroxyapatite chromatography
The 0.15M NaCl-soluble chromatin (S150) fraction was
applied to a hydroxyapatite (Bio-Rad HTP, Bio-Rad,
Hercules, CA, USA) column at a ratio of 1mg of DNA to
0.25g of hydroxyapatite. The column was washed with
0.63M NaCl in 0.1M potassium phosphate, pH 6.7,
removing histones H1 and H5 as well as non-histone
chromosomal proteins. A linear NaCl gradient from 0.63
to 2M NaCl in 0.1M potassium phosphate, pH 6.7/1mM
dithiothreitol (DTT) was run through the column at a ﬂow
rate of 1ml/min, and 4.5ml fractions were collected.
Histones were extracted from every fourth fraction (11).
Histone electrophoresis andimmunoblot analysis
Histones were electrophoretically resolved on one-
dimensional SDS or AUT, or two-dimensional (AUT
into SDS), 15% polyacrylamide gels (26). Immunochem-
ical staining of histones with anti-H3K4me2 (Upstate,
Charlottesville, VA, USA), anti-H3K4me3 (Abcam,
Cambridge, MA, USA), anti-H3K9me2 (Upstate),
Figure 1. Fractionation of avian erythrocyte chromatin. Avian
erythrocyte nuclei were incubated with micrococcal nuclease, and
chromatin fragments soluble in a low ionic strength solution containing
10mM EDTA were recovered in fraction SE. Chromatin fraction SE
was made 150mM in NaCl, and salt-soluble (S150) and salt-insoluble
(P150) chromatin fractions were collected. Chromatin fragments
in fraction S150 were size-resolved on a Bio-Gel A-1.5m column into
ﬁve fractions: F1 containing polynucleosomes, F2/F3 containing mostly
oligonucleosomes and F4/F5 containing mostly di- and/or
mononucleosomes.
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H3S28p (Sigma, St. Louis, MO, USA) or anti-histone H3
(Cell Signaling Technology, Danvers, MA, USA) anti-
bodies was performed as described previously (27). The
reaction product was detected with horseradish peroxidase
conjugated second antibodies and the enhanced chemilu-
minescence system (Amersham ECL Western blotting
system, GE Healthcare, Little Cholfont Buckinghamshire,
UK). The speciﬁcity of the anti-H3S10p and anti-H3S28p
antibodies was previously demonstrated (17). Further-
more, incubation for 1h at 378Co f1 0mg histones from the
chicken immature erythrocyte fraction S150 with 2U of
calf intestinal alkaline phosphatase resulted in the loss of
anti-H3S10p and anti-H3S28p antibody reactivity (data
not shown).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were done on chicken immature and mature
erythrocyte nuclei as described previously with some
modiﬁcations (28). After incubation with 1% formalde-
hyde for 10min and lysis of the nuclei, the chromatin was
sheared to an average fragment size of 500bp, diluted to 8
A260U/ml in dilution buﬀer (16.7mM Tris–HCl, pH 8.1,
1.2mM EDTA, 167mM NaCl, 1.1% Triton X-100,
0.01% SDS and 0.5mg/ml BSA), and pre-cleared by
incubation with 60ml/ml of Protein A/G agarose beads.
Cross-linked chromatin fragments (1ml) were incubated
with 5mg anti-H3S10p (Upstate, Charlottesville, VA,
USA), anti-H3S28p (Sigma, St. Louis, MO, USA), anti-
acetyl-histone H3 (Lys9/18) (Upstate Charlottesville, VA,
USA) or rabbit polyclonal pre-immune antibodies.
Immunoprecipitated complexes were recovered by an
incubation with protein A/G agarose (pre-treated with
500mg/ml of yeast tRNA) and were serially washed with
1ml of washing buﬀer I (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris, pH 8.1 and 150mM NaCl),
washing buﬀer II (0.1% SDS, 1% Triton X-100, 2mM
EDTA, 20mM Tris, pH 8.1 and 500mM NaCl), washing
buﬀer III (0.25M LiCl, 1% NP-40, 1% deoxycholate,
1mM EDTA and 10mM Tris, pH 8.1) and then twice
with 1mM EDTA, 10mM Tris–HCl, pH 8.0. Precipitated
chromatin complexes were eluted from the beads with
100ml of elution buﬀer (1% SDS, 0.1M NaHCO3). After
reversal of the cross-linking at 65
8C, DNA was isolated
directly from the agarose slurry using the QIAQuick PCR
Puriﬁcation kit (Qiagen, Mississauga, ON, Canada) and
re-suspended in 40ml of water. The ChIP and input DNA
concentrations were determined with the Quant-iT
Picogreen dsDNA kit (Invitrogen, Carlsbad, CA, USA).
ChIP and input DNAs were analyzed by PCR using
chicken H5 gene promoter primers forward
50CCATCACATCCCTTCTGGTC30 and reverse
50CACTGGGGTTAGGGAGCTTA30 to amplify a
235bp fragment, chicken vitellogenin exon 3 primers
forward 50ACCCAGGATTCAATAGCAGAA30 and
reverse 50TGAGGAGGTAAGCATTCTCTGG30 to
amplify a 150bp fragment or avian primers, which have
been described previously (29), to amplify a sequence
in the condensed chromatin region upstream of the 50
b-globin insulator (Fol-het 20157 amplicon), or sequences
in the b
A-globin (Globin 39652 amplicon) or b
e-globin
(Globin 44235 amplicon) promoter regions. Equal volumes
of ChIP and input puriﬁed DNAs were ampliﬁed and the
PCR products (histone H5 promoter and vitellogenin exon 3
amplicons) were electrophoresed on a 1.5% agarose gel and
stained with ethidium bromide for visualization. Equal
amounts (5ng) of ChIP and input DNA were quantiﬁed by
real-time PCR. The enrichment values were calculated
according to a published formula (30).
RESULTS
PartitioningofmethylatedH3inavianerythrocytechromatin
The partitioning of methylated H3 in fractionated
chromatin from chicken immature erythrocyte nuclei
was investigated. Figure 1 describes the chromatin
fractionation procedure. Chromatin fragments resulting
from the micrococcal nuclease digestion of nuclei were
separated into low salt-soluble (S150) and -insoluble (P150)
fractions, which are enriched and depleted in transcrip-
tionally active/competent chromatin, respectively. S150
was further fractionated into ﬁve fractions according to
chromatin fragment sizes, as shown in Figure 2A and
B. Fraction F1, consisting of polynucleosomes, was
enriched in active and even more so in competent
sequences, while fractions F2 and F3, composed of
oligonucleosomes, were enriched in active and competent
DNA sequences (20). The immunoblot analysis of
histones extracted from the diﬀerent fractions revealed
that H3K4me2 and H3K4me3 were both enriched in S150
and depleted in P150 (Figure 2C and D). Moreover, both
states of H3K4 methylation were enriched in the
polynucleosome (F1) and oligonucleosome (F2/F3) frac-
tions, with H3K4me3 showing greater levels than
H3K4me2 in fractions F2/F3, which are the fractions
that are most enriched in active DNA sequences. As
for H3K9me2, it was found associated with repressed
chromatin regions in the P150 fraction (Figure 2E).
H3K9me2 was also present in the mononucleosome
(F4/F5) fraction, which contains repressed DNA
sequences (20). The distinct partitioning of the active
H3K4me2/3 and repressive H3K9me2 marks demon-
strates the ﬁdelity of this fractionation protocol to sepa-
rate active/competent from repressed chromatin.
Enrichment of H3phosphorylated atserine 28 in
transcriptionally active/competent chromatin regions
In vertebrates phosphorylation of H3at serine 10 and
serine 28 has been extensively studied in the context of
mitosis or in the course of the rapid and transient
expression of the immediate early genes in response to
extracellular stimuli (13,14). However, whether vertebrate
H3 phosphorylation events play a role in transcription
under other circumstances has not been investigated.
We carried out the fractionation of chicken immature
erythrocyte chromatin fragments as described above and
analyzed the distribution of H3S10p and H3S28p in the
diﬀerent fractions. As shown in Figure 3C, there was an
enrichment of H3S28p in S150. When S150 was further
fractionated, H3S28p preferentially partitioned into
6642 Nucleic Acids Research, 2007, Vol. 35, No. 19the fractions enriched in active and competent DNA
sequences (F1 and F2). In contrast, H3S10p was equally
distributed between all fractions (Figure 3A). To validate
the antibodies against the phosphorylated H3 histones, we
veriﬁed that H3 phosphorylation at serine 10 or serine 28
occurred as expected after treatment of 10T1/2 cells with
TPA to stimulate the MAP kinase pathways (Figure 3A
and C). These observations demonstrate that H3 phos-
phorylation at serine 28 partitions selectively with
chromatin enriched in transcriptionally active/competent
chromatin.
Association of H3phosphorylated atserine 28 withpromoter
region of thetranscriptionally active genes
The preferential association of H3 phosphorylation at
serine 28 with active/competent DNA-enriched chromatin
was further characterized by ChIP assays on chicken
immature and mature erythrocyte nuclei. We initially
analyzed the histone H5 gene as it is expressed in chicken
immature erythrocytes but is inactive in chicken mature
erythrocytes (31,32). Although not expressed in mature
erythrocytes, the chromatin of the histone H5 maintains a
DNAase I sensitive competent chromatin state. The
vitellogenin gene was chosen as a representative repressed
gene in erythrocytes (33). Cross-linked chromatin frag-
ments of an average size of 500bp were immunoprecipi-
tated by anti-H3S28p or anti-H3S10p antibodies. The
content in the antibody-bound chromatin of a 235bp H5
DNA sequence spanning the promoter and ﬁrst 80bp of
the transcribed region was visualized (Figure 4A) and
quantiﬁed by real-time PCR (Figure 4B). There was a
marked enrichment of H3S28p in the promoter region of
the active H5 gene compared to the competent gene, as
shown by the enrichment values obtained with anti-
H3S28p antibodies when using chromatin prepared from
immature and mature erythrocytes. As expected, acety-
lated H3 was also found associated with the promoter
region of the active H5 gene in immature erythrocytes
(Figure 4A). Conversely, only a slight enrichment of H5
promoter sequence was detected in immature erythrocyte
chromatin immunoprecipitated with anti-H3S10p antibo-
dies (Figure 4A and B). Acetylated H3 was not associated
with the repressed vitellogenin gene (Figure 4A). DNA
immunoprecipitated with anti-H3S10p antibodies con-
tained vitellogenin sequences (Figure 4B).
We then studied the association of H3S28p and H3S10p
with the promoter regions of the b
A-globin and b
e-globin
Figure 2. H3K4me2/3 histones are associated with active/competent
chromatin while H3K9me2 is associated with repressed chromatin. The
chicken immature erythroid chromatin fragments that are soluble in
0.15M NaCl (fraction S150, 200–300 A260) were fractionated by gel
exclusion chromatography on a Bio-Gel A-1.5m column, obtaining ﬁve
fractions F1–F5 (A). DNA isolated from each chromatin fraction and a
100bp DNA ladder (M) were run on a 1% agarose gel and stained with
ethidium bromide (B). Histones (10mg) extracted from fractions S150,
P150, F1 and combined fractions F2/F3 or F4/F5 were loaded onto a
SDS–15% polyacrylamide gel, transferred to a nitrocellulose membrane
and immunochemically stained with anti-H3K4me2 (C), anti-H3K4me3
(D) or anti-H3K9me2 (E) antibodies or the gel was stained with
Coomassie blue (F).
Figure 3. H3S28p is enriched in active/competent chromatin fractions
of chicken immature erythrocytes. Histones (10mg) extracted from
chicken immature erythrocyte salt-soluble (S150) or -insoluble (P150)
chromatin or gel exclusion chromatographic fractions (F1–F5) were
loaded onto a SDS–15% polyacrylamide gel, transferred to a
nitrocellulose membrane and immunochemically stained with anti-
H3S10p (A) or anti-H3S28p (C) antibodies or the gel was stained with
Coomassie blue (B and D). The immunoblot analysis of 10mgo f
histones from serum-starved 10T1/2 cells left untreated (–) or treated
with 100nM TPA for 30min (TPA) was done to validate the antibodies
(A and C).
Nucleic Acids Research, 2007, Vol. 35, No. 19 6643genes, whose expression has been well characterized.
The embryonic b
e-globin gene is not expressed in
immature erythrocytes, while the adult b
A-globin gene
is highly expressed (34). In mature erythrocytes, the
b
A-globin gene is not transcribed (35). We also analyzed
a sequence from a condensed chromatin region upstream
of the b-globin 50 insulator, which is not expressed in
erythrocytes (29). Figure 4C shows the reproducibility of
our results with the H5 promoter region, demonstrating
that the active, but not competent, H5 promoter was
associated with H3S28p. A similar association of H3S28p
with the promoter region of the expressed b
A-globin gene
in immature erythrocytes was also observed. However,
H3S28p was not enriched with the inactive b
A-globin gene
in mature erythrocytes, the non-expressed b
e-globin gene
or the region ﬂanking the 50 end of the b-globin locus in
immature or mature erythrocytes. H3S10p was associated
with the transcribed H5 and b
A-globin genes in immature
erythrocytes, but only to a moderate extent when the
enrichment values in immature erythrocytes were com-
pared to those in mature erythrocytes where the genes are
no longer expressed. In summary, the ratios of enrichment
between immature and mature erythrocytes for H3S28p
were 20.1 and 14.3 for the H5 promoter (panel B and C,
respectively) and 9.6 for b
A-globin promoter. In contrast
the ratios of enrichment between immature and mature
erythrocytes for H3S10p were 1.5 and 2.9 for the
H5 promoter (panel B and C, respectively) and 3.4 for
b
A-globin promoter, which were similar to the ratio for
the repressed vitellogenin gene (3.4). These observations
provide evidence that H3S28p is associated with tran-
scribed, but not competent or repressed, genes in chicken
erythrocytes.
Association of H3phosphorylated atserine 28 withlabile
nucleosomes
We previously used hydroxyapatite dissociation chroma-
tography to study the eﬀect of histone modiﬁcations and
histone variants on histone–DNA interactions in nucleo-
somes (11). In this approach, the chromatin is immobi-
lized on the hydroxyapatite while the histones are
dissociated by a gradient of NaCl. The method provides
a means to compare the eﬀect of histone modiﬁcations and
variants on altering nucleosome stability (36). Of the
nucleosomal histones, the histone H2A–H2B dimer
dissociates ﬁrst at  0.9M NaCl, followed by the histone
(H3–H4)2 tetramer which dissociates between 1.2 and
2.0M NaCl. This dissociation proﬁle of histones from
hydroxyapatite bound chromatin fragments appears to
mimic the disassembly of nucleosomes in situ during
transcription (37). Thus, the transcriptionally active gene-
enriched, 0.15M NaCl-soluble fraction S150 from chicken
immature erythrocytes was applied to a hydroxyapatite
column, and the histones were dissociated from the DNA
with increasing concentrations of NaCl. Figure 5A shows
the elution proﬁle of core histones with the ﬁrst peak
containing H2A and H2B and the second peak containing
H3 and H4, as revealed by the electrophoretic analysis of
the eluted histones on an acid–urea–Triton polyacryla-
mide gel stained with Coomassie blue (Figure 5B). In
agreement with our previous results, H2A.Z dissociated at
higher salt concentrations than the bulk of H2A.
Immunoblot analysis of eluted histones with anti-
H3S28p antibodies revealed that most of the H3S28p
population, predominantly the phosphorylated H3.3
variant, eluted ahead of the H3 bulk (Figure 5C). The
easier dissociation from nucleosomal DNA of H3
Figure 4. H3S28p is associated with the promoter region of active
histone H5 gene. ChIP assays were performed on chicken immature
(IE) and mature (ME) erythrocyte nuclei. Cross-linked chromatin
fragments were immunoprecipitated with anti-H3S28p, anti-H3S10p,
anti-acetyl-histone H3 or rabbit polyclonal pre-immune (pre-im)
antibodies. DNA was puriﬁed from the ChIP fractions and the input
fraction (1:80 dilution) and analyzed for the presence of histone H5 and
vitellogenin gene sequences. An equal volume of DNA was ampliﬁed
from each fraction. The PCR products were loaded onto a 1% agarose
gel and stained with ethidium bromide (A). Five nanograms of DNA
from input and ChIP fractions were quantitated by real-time PCR. The
enrichment values of histone H5 or vitellogenin sequences in ChIP
DNAs relative to input DNA are shown (n=3, standard deviation
shown) (B). The enrichment values of histone H5, 50 ﬂanking globin,
b
A-globin and b
e-globin sequences in ChIP DNAs relative to input
DNA are shown (n=3, standard deviation shown) (C).
6644 Nucleic Acids Research, 2007, Vol. 35, No. 19phosphorylated at serine 28 was particularly evident when
comparing the chromatographic proﬁles of the H3S28p
immunosignal and total histone absorbance, with the
H3S28p proﬁle displaying a clear leftward shift compared
to the H3/H4 peak (Figure 5A). In contrast, such a
weakening of the H3 interaction with nucleosomal DNA
was not apparent when H3 was phosphorylated at serine
10. H3 phosphorylation at serine 10 appeared to
strengthen the H3–nucleosomal DNA interactions, as
the elution of H3S10p was observed throughout the
elution of H3 and H4 and delayed compared to the elution
of bulk H3 and H4 (Figure 5A and D). These observations
suggest that H3 phosphorylation at serine 28 is associated
with destabilized nucleosomes, while phosphorylation at
serine 10 is associated with more stable nucleosomes.
Preferential phosphorylation atserine 28 ofhistone
variant H3.3
To further study the diﬀerential phosphorylation at serine
10 and serine 28 of H3 variants, histones were extracted
from the transcriptionally active DNA-enriched, 0.15M
NaCl-soluble fraction S150 from chicken immature ery-
throcytes and analyzed by two-dimensional gel electro-
phoresis. The Coomassie blue staining in Figure 6A
exhibits the resolution of the three H3 variants H3.1, H3.2
and H3.3. All three variants were identiﬁed in the
immunoblot analysis using anti-histone H3 antibodies
(Figure 6B). However, the variant H3.3 was prominently
detected using anti-H3S28p antibodies (Figure 6C) while
variants H3.1, H3.2 and to a lesser extent H3.3 were
detected using anti-H3S10p antibodies (Figure 6D). It
should be noted that in our previous studies this anti-
H3S28p antibody detected phosphorylation at serine 28
with the three H3 variants in mitotic and TPA-induced
mouse ﬁbroblasts (17). As this antibody will detect S28p in
all three H3 variants, our results show that avian
erythrocyte H3.3 is the major H3 variant being phos-
phorylated at serine 28.
DISCUSSION
Phosphorylation of H3 S10 is induced by a wide variety of
extracellular stimuli, and gene expression mediated by
phosphorylation of H3 S10 has been the focus of
numerous studies. While phosphorylation of H3 S28 has
promoted less interest, it is also known to be induced
following stimulation of signal transduction pathways
(13,14). In chicken erythrocytes, we observed phosphor-
ylation of H3 S10. However, this modiﬁed H3 was not
associated with any speciﬁc chromatin fraction and was
found equally in transcriptionally active and repressed
chromatin regions. In ChIP assays, we found that H3S10p
Figure 5. Eﬀects of histone H3 phosphorylation on nucleosome
properties. The chicken immature erythrocyte salt-soluble chromatin
fraction S150 (300 A260) was applied to a hydroxyapatite column. A
linear gradient from 0.63 to 2M NaCl in 0.1M potassium phosphate
(pH 6.7)/1mM DTT was run through the column (ﬁlled circle) (A).
Histones (10mg) extracted from every fourth fraction were electro-
phoretically resolved on an AUT–15% polyacrylamide gel. The gel was
stained with Coomassie blue (‘ox’ denotes the oxidized forms of histone
H2B.1) (B), or the histones were transferred to a nitrocellulose
membrane and immunochemically stained with anti-H3S28p (C)o r
anti-H3S10p (D) antibodies. The immunoblot signals were quantiﬁed,
and the chromatographic proﬁles of H3S28p (open square) and
H3S10p (ﬁlled diamond) are shown in A.
Figure 6. Histone variant H3.3 is preferentially phosphorylated at
serine 28. Histones (10mg) extracted from the chicken immature
erythrocyte salt-soluble chromatin fraction (S150) were resolved by
two-dimensional gel electrophoresis (AUT into SDS), stained with
Coomassie blue (A), or transferred to nitrocellulose, and immuno-
chemically stained with anti-total histone H3 (B), anti- H3S28p (C)o r
anti-H3S10p (D) antibodies.
Nucleic Acids Research, 2007, Vol. 35, No. 19 6645was modestly enriched with regulatory regions of active
genes. In contrast, H3S28p paralleled the fractionation of
transcribed chromatin and was directly associated with the
transcriptionally active, but not silenced, histone H5 or
b
A-globin promoter regions.
Recent studies found that epitope-tagged H3.3 is
enriched in promoter region in avian cells regardless of
the gene’s transcriptional activity (8) which is in agreement
with our earlier studies showing that endogenous newly
synthesized H3.3 was incorporated into transcription
active/competent chromatin independent of transcription
(23). In contrast, yeast H3.3 is incorporated only in
promoters of active genes (38). At promoters and DNAase
I hypersensitive sites, nucleosomes are dynamically
disassembled and reassembled with the incorporation of
H3.3 (9). Mammalian and Drosophila H3.3 is found
enriched in active marks including H3K4me3, H3K9ac
and H3K14ac (10,39). In the avian immature erythrocyte
active gene-enriched salt-soluble chromatin, H3.3 was the
principal H3 variant being phosphorylated at serine 28. In
contrast, all three H3 variants were phosphorylated at
serine 10. These observations are consistent with the idea
that H3.3 located in chromatin regions of nucleosome
instability are phosphorylated at serine 28.
Histone modiﬁcations and variants may stabilize
(e.g. H2A.Z) or destabilize (e.g. acetylation) nucleosomes.
H3.3 diﬀers from canonical H3 in only four amino acids,
and the incorporation of either of the H3 forms into
a nucleosome is unlikely to change its overall structure (4).
However, modiﬁcations of H3.3 could potentially desta-
bilize H3.3 containing nucleosomes. Our studies applying
hydoxyapatite dissociation chromatography provide evi-
dence that H3 phosphorylated at serine 28 is associated
with labile nucleosomes. In contrast, H3 phosphorylation
at serine 10 dissociated with the bulk of H3. These
observations suggest that phosphorylation at serine
10 may have no aﬀect on nucleosome structure. Reconsti-
tution of nucleosome arrays containing H3 phosphory-
lated at serine 10 showed that this modiﬁcation did
not alter chromatin structure (40), which is consistent with
our results that H3 phosphorylation at serine 10 does
not destabilize nucleosome structure. Phosphorylation
of H3.3at serine 28 may be involved in the dynamic
disassembly–assembly of nucleosomes in active
promoters.
ACKNOWLEDGEMENTS
Research support by a grant from the Canadian Institutes
of Health Research (CIHR) Grant MOP-9186, a Canada
Research Chair to J.R.D., and CIHR Canada Graduate
Scholarships Doctoral Award to P.S.E. are gratefully
acknowledged. We acknowledge the strong support of the
CancerCare Manitoba Foundation for our facilities
at MICB. We thank Dr Genevie ` ve Delcuve for prepara-
tion of the manuscript. Funding to pay the Open
Access publication charges for this article was provided
by Canadian Institutes of Health Research Grant MOP-
9186.
Conﬂict of interest statement. None declared.
REFERENCES
1. Peterson,C.L. and Laniel,M.A. (2004) Histones and histone
modiﬁcations. Curr. Biol., 14, R546–R551.
2. Sims,R.J.,III and Reinberg,D. (2006) Histone H3 Lys 4 methyla-
tion: caught in a bind? Genes Dev., 20, 2779–2786.
3. Clayton,A.L., Hazzalin,C.A. and Mahadevan,L.C. (2006) Enhanced
histone acetylation and transcription: a dynamic perspective. Mol.
Cell, 23, 289–296.
4. Jin,J., Cai,Y., Li,B., Conaway,R.C., Workman,J.L., Conaway,J.W.
and Kusch,T. (2005) In and out: histone variant exchange in
chromatin. Trends Biochem. Sci., 30, 680–687.
5. Thambirajah,A.A., Dryhurst,D., Ishibashi,T., Li,A., Maﬀey,A.H.
and Ausio,J. (2006) H2A.Z stabilizes chromatin in a way that is
dependent on core histone acetylation. J. Biol. Chem., 281,
20036–20044.
6. Albert,I., Mavrich,T.N., Tomsho,L.P., Qi,J., Zanton,S.J.,
Schuster,S.C. and Pugh,B.F. (2007) Translational and rotational
settings of H2A.Z nucleosomes across the Saccharomyces cerevisiae
genome. Nature, 446, 572–576.
7. Guillemette,B. and Gaudreau,L. (2006) Reuniting the contrasting
functions of H2A.Z. Biochem. Cell Biol., 84, 528–535.
8. Jin,C. and Felsenfeld,G. (2006) Distribution of histone H3.3 in
hematopoietic cell lineages. Proc. Natl Acad. Sci. USA, 103,
574–579.
9. Mito,Y., Henikoﬀ,J.G. and Henikoﬀ,S. (2007) Histone replacement
marks the boundaries of cis-regulatory domains. Science, 315,
1408–1411.
10. Loyola,A., Bonaldi,T., Roche,D., Imhof,A. and Almouzni,G.
(2006) PTMs on H3 variants before chromatin assembly potentiate
their ﬁnal epigenetic state. Mol. Cell, 24, 309–316.
11. Li,W., Nagaraja,S., Delcuve,G.P., Hendzel,M.J. and Davie,J.R.
(1993) Eﬀects of histone acetylation, ubiquitination and variants on
nucleosome stability. Biochem. J., 296, 737–744.
12. Mahadevan,L.C., Willis,A.C. and Barratt,M.J. (1991) Rapid
histone H3 phosphorylation in response to growth factors, phorbol
esters, okadaic acid, and protein synthesis inhibitors. Cell, 65,
775–783.
13. Bode,A.M. and Dong,Z. (2005) Inducible covalent posttranslational
modiﬁcation of histone H3. Sci. STKE, 2005, re4.
14. Dong,Z. and Bode,A.M. (2006) The role of histone H3 phosphor-
ylation (Ser10 and Ser28) in cell growth and cell transformation.
Mol. Carcinog., 45, 416–421.
15. Burkhart,B.A., Kennett,S.B. and Archer,T.K. (2007) Osmotic
stress-dependent repression is mediated by histone H3 phosphor-
ylation and chromatin structure. J. Biol. Chem., 282, 4400–4407.
16. Goto,H., Tomono,Y., Ajiro,K., Kosako,H., Fujita,M., Sakurai,M.,
Okawa,K., Iwamatsu,A., Okigaki,T. et al. (1999) Identiﬁcation of a
novel phosphorylation site on histone H3 coupled with mitotic
chromosome condensation. J. Biol. Chem., 274, 25543–25549.
17. Dunn,K.L. and Davie,J.R. (2005) Stimulation of the Ras-MAPK
pathway leads to independent phosphorylation of histone H3 on
serine 10 and 28. Oncogene, 24, 3492–3502.
18. Dyson,M.H., Thomson,S., Inagaki,M., Goto,H., Arthur,S.J.,
Nightingale,K., Iborra,F.J. and Mahadevan,L.C. (2005) MAP
kinase-mediated phosphorylation of distinct pools of histone H3at
S10 or S28 via mitogen- and stress-activated kinase 1/2. J. Cell Sci.,
118, 2247–2259.
19. Espino,P.S., Li,L., He,S., Yu,J. and Davie,J.R. (2006) Chromatin
modiﬁcation of the trefoil factor 1 gene in human breast cancer cells
by the Ras-MAPK pathway. Cancer Res., 66, 4610–4616.
20. Delcuve,G.P. and Davie,J.R. (1989) Chromatin structure of
erythroid-speciﬁc genes of immature and mature chicken erythro-
cytes. Biochem. J., 263, 179–186.
21. Hendzel,M.J., Delcuve,G.P. and Davie,J.R. (1991) Histone deace-
tylase is a component of the internal nuclear matrix. J. Biol. Chem.,
266, 21936–21942.
22. Hendzel,M.J. and Davie,J.R. (1991) Dynamically acetylated his-
tones of chicken erythrocytes are selectively methylated.
Biochem. J., 273, 753–758.
23. Hendzel,M.J. and Davie,J.R. (1990) Nucleosomal histones of
transcriptionally active/competent chromatin preferentially
exchange with newly synthesized histones in quiescent chicken
erythrocytes. Biochem. J., 271, 67–73.
6646 Nucleic Acids Research, 2007, Vol. 35, No. 1924. Locklear,L.J., Ridsdale,J.A., Bazett Jones,D.P. and Davie,J.R.
(1990) Ultrastructure of transcriptionally competent chromatin.
Nucleic Acids Res., 18, 7015–7024.
25. Drobic,B., Espino,P.S. and Davie,J.R. (2004) MSK1 activity and
histone H3 phosphorylation in oncogene-transformed mouse
ﬁbroblasts. Cancer Res., 64, 9076–9079.
26. Davie,J.R. (1982) Two-dimensional gel systems for rapid histone
analysis for use in minislab polyacrylamide gel electrophoresis.
Anal. Biochem., 120, 276–281.
27. Delcuve,G.P. and Davie,J.R. (1992) Western blotting and immu-
nochemical detection of histones electrophoretically resolved on
acid-urea-triton- and sodium dodecyl sulfate-polyacrylamide gels.
Anal. Biochem., 200, 339–341.
28. Spencer,V.A., Sun,J.M., Li,L. and Davie,J.R. (2003) Chromatin
immunoprecipitation: a tool for studying histone acetylation and
transcription factor binding. Methods, 31, 67–75.
29. Myers,F.A., Chong,W., Evans,D.R., Thorne,A.W. and Crane-
Robinson,C. (2003) Acetylation of histone H2B mirrors that of H4
and H3at the chicken beta-globin locus but not at housekeeping
genes. J. Biol. Chem., 278, 36315–36322.
30. Ciccone,D.N., Morshead,K.B. and Oettinger,M.A. (2004)
Chromatin immunoprecipitation in the analysis of large chromatin
domains across murine antigen receptor loci. Methods Enzymol.,
376, 334–348.
31. Gomez-Cuadrado,A., Rousseau,S., Renaud,J. and Ruiz-Carrillo,A.
(1992) Repression of the H5 histone gene by a factor from
erythrocytes that binds to the region of transcription initiation.
EMBO J., 11, 1857–1866.
32. Bungert,J., Waldschmidt,R., Kober,I. and Seifart,K.H. (1992)
Transcription factor IIA is inactivated during terminal
diﬀerentiation of avian erythroid cells. Proc. Natl Acad. Sci. USA,
89, 11678–11682.
33. Burch,J.B. (1984) Identiﬁcation and sequence analysis of the 5’ end
of the major chicken vitellogenin gene. Nucleic Acids Res., 12,
1117–1135.
34. Schneider,R., Bannister,A.J., Myers,F.A., Thorne,A.W., Crane-
Robinson,C. and Kouzarides,T. (2004) Histone H3 lysine 4
methylation patterns in higher eukaryotic genes. Nat. Cell Biol., 6,
73–77.
35. Gariglio,P., Bellard,M. and Chambon,P. (1981) Clustering of RNA
polymerase B molecules in the 5’ moiety of the adult b-globin gene
of hen erythrocytes. Nucleic Acids Res., 9, 2589–2598.
36. Hirose,M. (1988) Eﬀects of histone acetylation on nucleosome
properties as evaluated by polyacrylamide gel electrophoresis and
hydroxyapatite dissociation chromatography. J. Biochem. (Tokyo),
103, 31–35.
37. Kulaeva,O.I., Gaykalova,D.A. and Studitsky,V.M. (2007)
Transcription through chromatin by RNA polymerase II: Histone
displacement and exchange. Mutat. Res., 618, 116–129.
38. Jamai,A., Imoberdorf,R.M. and Strubin,M. (2007)
Continuous histone H2B and transcription-dependent histone H3
exchange in yeast cells outside of replication. Mol. Cell, 25,
345–355.
39. McKittrick,E., Gafken,P.R., Ahmad,K. and Henikoﬀ,S. (2004)
Histone H3.3 is enriched in covalent modiﬁcations associated with
active chromatin. Proc. Natl Acad. Sci. USA, 101, 1525–1530.
40. Fry,C.J., Shogren-Knaak,M.A. and Peterson,C.L. (2004) Histone
H3 amino-terminal tail phosphorylation and acetylation: synergistic
or independent transcriptional regulatory marks? Cold Spring Harb.
Symp. Quant. Biol., 69, 219–226.
Nucleic Acids Research, 2007, Vol. 35, No. 19 6647